Background The aim of this study was to evaluate the outcomes of transcatheter aortic valve implantation (TAVI) in bicuspid aortic valve (BiAV) stenosis using a mechanically expanded Lotus™ device. The prior experience with first-generation devices showed disappointing results mainly due to increased prevalence of aortic regurgitation (AR) that exceeded those observed in tricuspid stenosis.
Introduction
A bicuspid aortic valve (BiAV) is the most common congenital heart defect reported in up to 2% of the general population [1, 2] . The altered anatomy predisposes to a premature calcification and thickening of valve leaflets leading to development of aortic stenosis in large number of patients with BiAV [3] . Although the clinical symptoms occur earlier than in patients with tricuspid valve, BiAV is still an indication for aortic valve replacement (AVR) in significant number of elderly patients. In a recent study, 20% octogenarians who underwent surgical AVR had an underlying BiAV pathology [4] . As these individuals are characterized by an increased operative risk, they might also be suitable candidates for transcatheter aortic valve implantation (TAVI). Although TAVI is a well-established and recommended therapeutic option in high surgical-risk patients, it is still considered as a relative contraindication in BiAV anatomy [5, 6] . The current guidelines on the treatment of valvular disease have omitted this population from their recommendations, as the majority of landmark clinical trials excluded those with BiAV stenosis [7] . Unfavourable anatomy with heavily calcified and asymmetrical aortic valve cusps accompanied by annular eccentricity and aortopathy were perceived as features that could lead to prosthesis dysfunction and periprocedural complications. These concerns were further strengthened by results of few small TAVI registries that showed a higher rate of moderate-to-severe aortic regurgitation (AR) than in tricuspid valves [8] [9] [10] [11] . The latter is probably associated with important drawbacks of the first-generation devices such as lack of dedicated sealing systems and limited ability to reposition the bioprosthesis. The new-generation Lotus™ Valve System (Boston Scientific, MA, USA) was designed to overcome the aforementioned restrictions. It adopts a unique mechanical expansion mechanism and is made of a singlebraided nitinol wire and three bovine pericardial leaflets. The device is fully repositionable and resheatable even in the expanded position, before final release. It is equipped with a surrounding flexible membrane designed to seal the paravalvular gaps between the prosthesis and native annulus, which aims to reduce the risk of significant paravalvular leaks (PVLs) [12] [13] [14] . This was confirmed in the REPRISE II trial in which the rate of moderate PVL was below 2% [15] . However, the data regarding Lotus performance in BiAV patients are scarce. To address this important clinical issue, we have performed safety and efficacy analysis of TAVI in patients with BiAV stenosis treated with Lotus™ valve implantation.
Methodology
The study was based on a prospective registry of patients with BiAV undergoing TAVI using Lotus™ valve in four academic centres in Poland. Patients entered into the registry were to meet the generally accepted criteria for TAVI, which included an intermediate or high surgical risk, endstage renal failure, chronic pulmonary disease, pulmonary hypertension or other contraindications to surgical aortic valve replacement (SAVR) not included in the risk scores (such as "porcelain" aorta, previous chest radiotherapy, previous pulmonary lobectomy, cirrhosis with portal hypertension, previous chest surgery, cognitive dysfunction due to neurological disease). Severe aortic stenosis was defined as an aortic valve area (AVA) ≤ 1 cm 2 or indexed AVA ≤ 0.6 cm 2 /m 2 , or mean aortic gradient ≥ 40 mm Hg or an aortic velocity ≥ 4 m/s in the presence of clinical symptoms. The database contains detailed demographic and clinical characteristics, results of imaging studies, including echocardiography and multi-detector computed tomography (MDCT), laboratory assessment, procedural outcomes and the results of a short-term and mid-term follow-up. The treating institutions followed patients prospectively using clinical and echocardiographic evaluations.
All patients included in the analysis underwent contrastenhanced, ECG-gated MDCT imaging using contemporary CT systems according to the local institutional CT scan protocols. The operators used the images for valve sizing and procedure planning. For the purpose of this analysis, the MDCT source data were collected and retrospectively re-evaluated by one experienced CT analyst using the 3Men-sio valve analysis software (3Mensio Medical Imaging, Bithoven, The Netherlands). The annular plane was identified as the short axis through the nadir of each coronary cusps; and the diameter, perimeter and area were measured. Additional measurements were taken at the intercommissural distance − 4 mm above the annular plane, at the level of the ventricular outflow tract (4 mm below the annular plane), sinus of Valsalva, and ascending aorta. The heights of both coronary ostia were also recorded. The eccentricity index of annular plane was calculated using the formula 1 -(minimal diameter/maximal diameter). Additionally, the degree of oversizing was derived from the annular plane perimeter (perimeter oversizing = (device perimeter -annular perimeter)/annular perimeter × 100) and annular plane area (area oversizing = (device area -annular area)/annular area × 100). BiAV morphology was described using the Sievers classification, which takes into account the number of cusps, the presence and spatial distribution of raphes [16] . The Type 0 was identified in the case of two fully developed cusps with one commissure and no raphe; Type 1 was characterized by one completely developed cusp and two smaller malformed cusps fused by one raphe; and Type 2 was assigned when two raphes were present. The functional BiAV was classified as a tricuspid valve with evident symmetry of all three cusps, secondarily fused by a degenerative process and no evidence of raphe. Further subcategories were reported according to the location of the raphe: R-L, R-N, N-L (R: right, L: left, N: non-coronary). Based on the previous literature, any raphe below 3 mm long was considered as non-significant [4] .
Pre-procedural, discharge, 30-day and 2-year echocardiographic results were entered by the participating centres and included the aortic annulus, aortic root and ascending aorta diameters, the aortic valve area, the peak/mean transvalvular gradient, the extent and distribution of valve calcifications, mitral and aortic valve regurgitation, mean transprosthetic gradient, and effective orifice area. AR after TAVI was defined as the sum of transvalvular and paravalvular regurgitation. Additionally, the paravalvular regurgitation was analysed separately. The AR was classified as none/trivial, mild, moderate or severe.
The technical aspects of TAVI have been described previously [17, 18] . Briefly, all procedures were performed under general anesthesia or conscious sedation either in dedicated hybrid rooms or in cardiac catheterization laboratories. All patients underwent TAVI via the transfemoral approach; the vascular access was secured using either a Prostar 10 French XL (Abbott Vascular Device, Redwood City, California) or surgical technique, depending on the local protocols. A 20-French Lotus™ Introducer (Boston Scientific, MA, USA) was used for 23-mm Lotus™ valves and 22-French for those who received 25-mm and 27-mm valves. Balloon valvuloplasty with an undersized balloon was performed at the discretion of the operator. The positioning and deployment of Lotus™ valves strictly followed the manufacture's recommendations and were carried out based upon the best clinical practice [13, 15] . A control angiography was done before final release of the valve to assess the appropriate positioning, the degree of AR and patency of coronary arteries. In case of suboptimal result, the valve was repositioned, and the aortography was repeated to ensure that no further manipulation was needed and to confirm a good final result.
The standard post-procedural care included observation at the intensive care unit for at least 24 h and duration was mainly related to post-procedural complications. A dual antiplatelet therapy was initiated in all patients comprising a life-long 75 mg of acetylsalicylic acid and 3 months of 75 mg of clopidogrel. In case of indications for oral anticoagulant, the decision regarding the choice of the molecule, dosage and duration was left to the decision of local heart team. Before discharge, all patients underwent transthoracic echocardiography. The patients were scheduled for a 30-day and a 24-month follow-up visits to collect clinical and echocardiographical data. The data were prospectively collected and entered into the registry.
The main endpoints of the study were device success and 30-day safety composite endpoint as defined by the VARC-2 criteria [19] . The secondary endpoint was 2-year all-cause mortality and 2-year composite clinical efficacy endpoint [as defined by the VARC-2 criteria). Device success comprised of the absence of procedural mortality, successful implantation of a single prosthesis with its appropriate placement and function (no severe prosthesis-patient mismatch (< 0.65 cm 2 /m 2 ), mean aortic valve gradient < 20 mmHg or peak velocity < 3 m/s, no moderate/severe PVL] and successful retrieval of the delivery system. The 30-day safety composite endpoint included all-cause mortality, stroke/TIA, life-threatening bleeding, acute kidney injury (stage 2 or 3), coronary artery obstruction requiring intervention, major vascular complication and valve-related dysfunction requiring repeat procedure (BiAV, TAVI or SAVR). The 2-year clinical efficacy endpoint consisted of all-cause mortality, stroke, requiring hospitalizations for valve-related symptoms or worsening congestive heart failure, NYHA class III or IV and valve-related dysfunction.
Quantitative data are presented as mean and standard deviation (SD) or as median (interquartile range) and qualitative variables as numbers and percentages. An unpaired Student's t test or Wilcoxon rank-sum test was used for comparison of quantitative variables, whereas the comparison of qualitative variables was performed with the two-tailed Fisher's exact test. Statistical significance was defined as p < 0.05. Statistical analysis was performed using Medcalc ver.11 and Statistica ver. 12.
Results
Between March 2015 and December 2016, 24 patients met the inclusion criteria of the prospective registry and were included in the study. Baseline demographics and clinical characteristics are presented in Table 1 . Briefly, the mean age was 75.3 years with equally distributed gender. Patients had moderate surgical risk and the majority of them demonstrated heart failure with NYHA III/IV symptoms. Detailed assessment of aortic stenosis severity and type of BiAV morphology are depicted in Table 2 . The average mean gradient was 60.1 ± 18.31 mm Hg, the mean AVA was 0.6 ± 0.19 cm 2 . As far as the valve morphology is considered, Type 1 was the most frequently identified. Moderate/severe degree of valve calcification was recognized in majority of patients.
TAVI was performed via femoral route in all patients, in 46%, the procedure was done with local anaesthesia and conscious sedation. Pre-implantation balloon valvuloplasty was conducted in majority of patients (n = 15, 63%). The most frequently used valve was the Lotus™ 25 mm. The repositioning/resheathing feature was used in 42% (ten patients) of the procedures, of which in two cases (8.3%), complete prosthesis retrieval was required. The immediate angiographic assessment showed no severe AR (AR), in one case, a moderate AR was identified. The detailed procedural characteristics are depicted in Table 3 .
The VARC-2-defined device success was achieved in 83% of patients (n = 20); the detailed breakdown of its composites is presented in Fig. 1 .
There were no conversions to open-heart surgery. One patient required urgent abdominal surgery due to perforation of the tortuous abdominal aorta that was noted soon after insertion of the Lotus introducer sheath, which was complicated by cardiogenic shock and multi-organ failure resulting in death on day 7.
Any type of VARC-2 bleeding and vascular complications occurred in 29.2% (n = 7) and 25% (n = 6), respectively. Life-threatening and major bleedings occurred in three patients (13%) and all were directly related to the procedure. There were two overt access site bleedings, and one caused by the above-mentioned abdominal aorta perforation. Major vascular complications were found in three subjects. Of which, two haematomas and one aforementioned aortic perforation were diagnosed and required blood transfusion of at least four units.
There was one minor stroke diagnosed 1 day after the procedure with full recovery within next 72 h (due to limited availability and lack of reimbursement, cerebral protection was not implemented in any of the procedures). The pre-discharge echocardiographic assessment showed significant reduction of the mean gradient from 60.1 ± 18.3 to 15 ± 6.4 mm Hg and increase in the AVA from 0.6 ± 0.19 to 1.7 ± 0.21 cm 2 . There was no severe AR; in two patients (9%), a moderate regurgitation was found ( Table 4) .
The 30-day safety composite end point was achieved in 17% (n = 4); a detailed breakdown of the composites is presented in Table 5 . There were neither any post-discharge deaths, episodes of new bleeding nor vascular complications. Seven patients (35%) required new pacemaker implantation for advanced conduction disturbances.
In the 2-year follow-up, additional two deaths were reported resulting in overall mortality of 12.5%. The 2-year composite clinical efficacy endpoint was met in 25% of the patients (n = 6) ( Table 6 ). Values are mean ± SD, mean ± SD (minimum, maximum) or n (%) Eccentricity index was determined using the formula: 1 -(minimal diameter/maximal diameter)
Perimeter oversizing was determined using the formula [(device perimeter -annular perimeter)/annular perimeter × 100]
Area oversizing was determined using the formula [(device areaannular area)/annular area × 100] 
Discussion
To the best of our knowledge, this is the first study presenting 2-year outcomes of TAVI in a consecutive multicentre series of patients with bicuspid aortic valve stenosis treated with new-generation Lotus™ valve. The system was first certified and introduced in March 2015; however, due to technical difficulties with the locking mechanism, it has been temporarily withdrawn from the market and the second reiteration (Lotus Edge™) was introduced in December 2018. However, despite using the previous version, we have demonstrated that implantation of this bioprosthesis in a challenging BiAV anatomy is safe and feasible resulting in favorable valve performance and low incidence of significant PVLs. The latter finding is of particular interest as prior experience with first-generation valves revealed high risk of AR in patients with BiAV stenosis [10, 20, 21] . In the recent multicentre, patient-level meta-analysis comprising 108 patients, the rate of moderate and severe AR was 30.8% at 30 days [20] . Similar frequency of significant AR (32%) in BiAV patients treated with first-generation devices was previously reported by our group [10] . These outcomes may raise some concerns, as there is clear evidence that significant AR is associated with an increased late mortality [6, 22] . In the present study, there was no severe AR, whereas moderate was found in only two patients (8%). There is number of factors that could potentially explain these favorable outcomes, among which the inherent properties of the Lotus™ device seem to play an important role. The ability to resheath and reposition the bioprosthesis at any stage of the deployment process, which was utilized in nearly half of our patients, facilitates accurate and precise positioning, and allows for final assessment of the fully functional state before disconnecting the delivery system. Moreover, implantation does not require rapid pacing assuring haemodynamic stability throughout the procedure. Additionally, the adaptive seal may reduce degree of PVLs by filling the gaps between the prosthesis and the native valve. This recently published REPRISE II study confirmed the low risk of post-implantation AR in tricuspid aortic valve anatomy [15] . Although the results are promising, it remains unknown whether the decreased rates of moderate and severe ARs observed with the Lotus™ device will have an impact on the long-term mortality of patients with BiAV stenosis. The sizing of the bioprosthesis based on MDCT that was utilized in all our patients is another important factor proved to have a positive impact on the rate of device success. As shown in the largest published registry on TAVI in BiAV, the utilization of MDCT resulted in more than 50% reduction of significant post-procedural ARs [8] . Additionally, the diagnostic value of this imaging technique in comparison with echocardiography has a higher sensitivity and specificity for identification of BiAV, especially in Type 1, in which raphe could be overshadowed by calcifications [23] .
The detailed analysis of procedural data revealed some degree of device undersizing, which causes are not fully understood. Traditionally profound undersizing was considered to be associated with higher incidence of AR and device embolization, therefore, was contraindicated. This recommendation was based on experience from tricuspid anatomy patients and thus not necessarily applicable to patients with different anatomy. In fact, in our cohort, the degree of AR was low despite an evident undersizing. One may speculate that a more aggressive approach and implantation of larger valves would have resulted in even lower risk of post-procedural AR, as it has been shown that oversizing can minimize the risk of significant AR [24] . On the other hand, excessive oversizing may cause aortic root rupture/haematoma [25] , coronary obstruction [26] , or atrioventricular block [27, 28] . Additionally, the specific BiAV anatomy characterized by high leaflet coaptiation, extensive asymmetric calcifications and ellipticity of the annulus can lead to incomplete and asymmetric valve expansion, which may impact the acute valve performance and its long-term durability. Therefore, it has been suggested that valve sizing in bileaflet anatomy might require different sizing approach than that currently used in tricuspid valves. Namely, it should not be based solely on the annular but rather on supra-annular measurements taking into account the intracommissural distance. The observed device undersizing in our registry suggests that operators applied this new strategy [29] . It should also be taken into account that the new-generation valves are equipped with sealing cuff that could further overcome the previously observed drawbacks of undersizing. The recently published data regarding the newgeneration balloon-expandable Sapien 3 valve in patients with large annuli exceeding the indicated dimensions, confirmed excellent results with no moderate or severe AR despite the inevitable undersizing [30] . These results were further supported by another analysis of Sapien 3, which showed that a low degree of MDCT area oversizing (< 5%) is associated with decreased rates of AR [28] . To validate this hypothesis-generating findings, a dedicated study with new-generation devices and a revised annulus-sizing algorithm would be needed.
The presented device success in our cohort was relatively high (83%), despite the adverse anatomic characteristics typical for bicuspid patients and was comparable to that reported in tricuspid valves. It should be noticed that in our study, the VARC-2 criteria were utilized, whereas most of the published outcomes are based on the first definition of VARC, which does not take into account the prosthesis-patient mismatch. The recent publication with Lotus™ valve in tricuspid aortic stenosis showed 84% device success based on VARC-2 criteria [31] . We did not observe any valve embolization, coronary obstruction or need for surgical aortic valve replacement, and the 30-day composite safety end point was similar to that observed in tricuspid valve populations [32] . Of note, despite the use of larger sheath sizes, the rates of bleedings as well as vascular complications were not significantly higher as compared to outcomes from other new-generation devices. This can partially be explained by appropriate patient selection, especially with respect to the femoral artery size. It should be noted that the 30-day mortality was 4%, which seems relatively high taking into account the moderate risk profile of our cohort, but results from a relatively substantial impact of the one death on the overall mortality. Furthermore, in the 2-year follow-up, the all-cause mortality was 12.5%, which is well within the published literature [21] . New pacemaker implantation was performed in seven patients (35%), which is in the range of the prior results of TAVI in BiAV utilizing first-generation devices (14-50%) and is similar to the rate observed in tricuspid valves treated with the Lotus™ prosthesis (29%) [8-11, 10, 11] . The freedom from the clinical efficacy composite endpoint after 2 years was observed in 75% of the study population-a result which is difficult to compare with the previously published reports, due to the scarcity of a long-term follow-up based on VARC-2 criteria in this cohort of patients in the currently available literature. In the already-mentioned study by Yousef et al. after 1 year of follow-up, the all-cause mortality was 16.9%, 4.3% of patients remained heavily symptomatic (NYHA class III-IV) and 27.7% had AR ≥ 2 + [20] . In one of the largest analyses of new-generation valves in BiAV [21] , which included 11 patients treated with Lotus™ device, 30-day mortality in that subpopulation was 9.1%, while the early safety endpoint was met in 18.2% (due to one death and one major vascular complication). No significant differences in VARC-2-defined endpoints at 30 days between the Lotus™ valve and the remaining prostheses were observed. Overall, new-generation devices were associated with less paravalvular regurgitation. Of note, all-cause mortality of the entire group was 14.4% at 1 year, which is in line with our findings. In another recently published study-RESPOND-31 patients with BiAV had undergone Lotus™ valve implantation. One death and one stroke were observed in 30-day follow-up. There were no cases of moderate or severe PVL and the pacemaker rate was 22.2% [33] . Again, the mid-term mortality (9.7% at 1 year) was in agreement with our results.
Study limitations
The main limitation of our study is the lack of randomization with all inherent restrictions of this type of study design. Second, we couldn't exclude a bias related to relative weight of each centre that may limit the generalizability of outcomes. Third, the echocardiographic findings, especially the post-procedural AR, were not assessed by an independent core laboratory, which might have impacted the reported outcomes, as these parameters are operator dependent. Fourth, the differentiation between functional and congenital bicuspid valves is difficult, therefore, we cannot exclude some degree of misclassification in this respect. Fifth, as the registry includes only patients who underwent TAVI procedure, this could have potentially lead to a selection bias and thus the presented results should be interpreted with caution.
Conclusions
In conclusion, the TAVI in selected BiAV patients using the Lotus™ is feasible and characterized by encouraging valve performance and clinical outcomes. It should be noted that the presented cohort was of a moderate surgical risk as described by the low EuroSCORE 2, therefore, these findings should be viewed with caution when discussing high-risk patients. Although the overall number of analysed subjects is low, the study sample should not be regarded as negligible especially in view of the inadequate body of evidence currently available in the literature.
Impact on daily practice
We have shown that implantation of the second generation, repositionable and retrievable, transcatheter valve system in bicuspid aortic valve anatomy is safe and efficient in selected patients; these results may impact the current contraindications for TAVI.
